abstract: Female meiosis is comprised by two cell divisions, meiosis I (MI) and II (MII) and two different stages at which the development of the oocyte is temporarily halted. In the case of MI, this pause can potentially last for four to five decades. This added layer of complexity distinguishes female gametogenesis from its male counterpart. The single most important genetic factor impacting human reproductive success is aneuploidy. Aneuploid embryos may undergo permanent arrest during preimplantation development, fail to implant or spontaneously abort. Most aneuploidies originate during female meiosis and become increasingly common with advancing maternal age. To shed further light on the nature of aneuploidy in human oocytes, we utilized comparative genomic hybridization (CGH) to provide a detailed cytogenetic analysis of 308 first and second polar bodies (PBs). These were biopsied from fertilized oocytes, generated by 70 reproductively older women (average maternal age of 40.8 years). The total oocyte abnormality rate was 70%, and MII anomalies predominated over MI (50% aneuploidy rate versus 40.3%). Both whole chromosome non-disjunction and unbalanced chromatid predivision were seen, but the latter was the dominant MI aneuploidy-causing mechanism. Chromosome losses occurred more frequently than chromosome gains, especially during MI. Chromosomes of all sizes were found to participate in aneuploidy events, although errors involving smaller chromosomes were more common. These data reveal the spectrum of aneuploidies arising after each meiotic division, indicating that oocyte-derived abnormalities present at conception differ from those observed in established pregnancies. It is also clear that advancing maternal age had a significant adverse effect on female meiosis, and that this effect is most pronounced in MII. Indeed, our data suggest that MII may be more susceptible to age-related errors than MI.
Introduction
Contrary to male meiosis, which is a continuous process, females are born with a complete set of oocytes, and it is generally thought that there is no subsequent generation of new cells after birth. The regulation of oogenesis therefore faces unique molecular challenges. Female meiosis consists of two divisions, meiosis I (MI) and II (MII) and two different stages where the maturing oocyte undergoes a temporary arrest. Specifically, during MI the homologous chromosomes align, and there is an exchange of material between the chromatids of different homologues via the formation of chiasmata. The cell cycle then pauses until ovulation, which in some cases may not occur until several decades later. At the end of MI, bivalents separate and start travelling to opposite poles of the meiotic spindle. One set of 23 chromosomes (each comprising two chromatids) enters the polar body (PB) while the other set remains in the much larger oocyte. The cell cycle of the oocyte then arrests for a second time, waiting until fertilization before proceeding. During MI, sister chromatids are held together and it is only at the end of MII that they are finally separated, one of the chromatids passing into the second PB, the other remaining in the oocyte. Thus, events that begin during fetal life do not reach their conclusion until years later with the fertilization of an ovulated mature oocyte.
Humans as a species are characterized by a relatively low reproductive success rate per cycle, compared with other mammals. Published data have shown that less than half of all natural conceptions lead to a live birth (Edwards and Brody, 1995; Bonde et al., 1998) , and a decline in successful reproduction is directly associated with advancing maternal age. The most important genetic factor negatively impacting human reproductive success is aneuploidy. Literature suggests that 5% of all clinically recognized pregnancies are chromosomally abnormal, carrying a trisomy or a monosomy (reviewed in Hassold et al., 2007) . The incidence at conception is poorly defined, but could be estimated by combining the overall aneuploidy rate for sperm (5%) with the consensus average figure for oocytes (20%), and may in fact be substantially higher. The vast majority of aneuploid pregnancies culminate in miscarriage. A few trisomies (e.g. 13, 18, 21 and those involving the sex chromosomes) can potentially survive to term, resulting in the birth of babies with congenital defects and/or mental retardation. However, miscarriage remains the most likely outcome for embryos affected with such abnormalities (Hassold and Hunt, 2001 ). The negative impact of aneuploidy is also of great relevance to IVF treatments, as many of the morphologically normal embryos that are transferred to the uterus are likely to be chromosomally abnormal, with little potential for producing a viable pregnancy.
The vast majority of aneuplodies seen in pregnancies and miscarriages are due to chromosome segregation errors taking place during oogenesis. Classical cytogenetic studies of human oocytes have described two main mechanisms leading to aneuploidy of maternal origin: the first involves the non-disjunction of entire chromosomes, observed during both meiotic divisions (Zenzes and Casper, 1992) , whereas the second involves the premature division of a chromosome into its two constituent chromatids (predivision), followed by their random segregation, upon completion of the first and/or second meiotic division (Angell, 1991) .
The cytogenetic analysis of a large number of human oocytes has clearly and unequivocally demonstrated that there is a direct and very close relationship between advancing maternal age and increasing aneuploidy rates. Most published studies suggest that for women under the age of 25 years the expected oocyte aneuploidy rate is 5%, increasing to 10 -25% in the early 1930s and even exceeding 50% in the oocytes of women over the age of 40 years (Sandalinas et al., 2002; Kuliev et al., 2003; Pellestor et al., 2003; Fragouli et al., 2006 Fragouli et al., , 2009 Fragouli et al., , 2010b Hassold et al., 2007) .
It has been shown that homologous chromosomes are at high risk of abnormal segregation when they have either failed to recombine or they have not formed an adequate number of chiasmata (Delhanty, 2005; Hassold et al., 2007) . Additionally, depending on the chromosome and the meiotic division, positioning of chiasmata in relation to the centromere (too proximal or too distal) could also increase the risk of abnormal segregation of homologues. It is believed that maternal age has differing effects on the various recombination patterns predisposing to non-disjunction (reviewed in Hassold et al., 2007) .
There is accumulating evidence that certain groups of IVF patients are at an elevated risk of generating chromosomally abnormal oocytes and/or embryos. Apart from the relationship of advancing maternal age and increasing aneuploidy rates, it has also been shown that chromosome abnormalities are frequently occurring in embryos coming from women with a recurrent pregnancy loss history (Rubio et al., 2003; Mantzouratou et al., 2007; Garrisi et al., 2009) . Moreover, various studies have demonstrated that patients experiencing repeated implantation failure (RIF) also generate a large number of embryos carrying multiple chromosome errors (Voullaire et al., 2002 (Voullaire et al., , 2007 Mantzouratou et al., 2007; Fragouli et al., 2010b) . It seems that couples who fall into one or more of the above categories [i.e. advanced maternal age (AMA), repeated pregnancy loss (RPL) or RIF] may have a particular predisposition to aneuploidy. Therefore, their chances of either achieving or maintaining a pregnancy to term are decreased. Such couples have been characterized as 'poor prognosis' or 'poor IVF outcome'.
During this investigation, we employed comparative genomic hybridization (CGH) for the complete cytogenetic analysis of 308 first and second PBs biopsied from fertilized oocytes, generated by reproductively older, and in some cases 'poor prognosis' women. CGH enables the simultaneous evaluation of the entire chromosome content of a cell, and can accurately detect reciprocal gains and losses of chromosomes in oocytes and their corresponding first and second PBs (Fragouli et al., 2006 (Fragouli et al., , 2010b . The data obtained provide a unique insight into the frequency and variety of chromosome abnormalities occurring during MI and MII and help to define the relative contributions of different mechanisms giving rise to aneuploidy in 'older' oocytes.
Materials and Methods

Details of participating patients
Seventy couples participated in this investigation and were referred for treatment by several IVF Centres in the UK and the USA. The average maternal age of this patient group was 40.8 years (age range: 34 -47 years). These couples underwent assisted reproductive technology procedures combined with CGH analysis of first and second PBs biopsied from fertilized oocytes, due to previous poor IVF outcome. Specifically, 27 couples were referred due to previously experiencing repeated failed IVF attempts (RIF). The average maternal age for these patients was 40.3 years (age range: 34 -47 years) and the average number of previous failed IVF attempts was 4 (range: 3 -7 attempts). Nineteen couples were treated because of suffering repeated unexplained pregnancy losses (RPL). The average maternal age for this group of patients was 40.9 years (age range: 35-43 years) and the average number of spontaneous abortions was 3 (range: 2-5 spontaneous abortions). Finally, 24 couples underwent comprehensive screening of fertilized oocytes for the sole reason that the female partners were of advanced reproductive age (AMA). The average maternal age for this patient group was 41.4 years (range: 38 -46 years).
A total of 308 fertilized oocytes were generated by the three groups of patients. First and second PBs were biopsied from these oocytes and were examined with the use of CGH. Specifically, 125 first and second PBs were biopsied from oocytes generated by the RIF group, 73 first and second PBs were biopsied from oocytes generated by the RPL group, and 110 first and second PBs were biopsied from oocytes generated by the AMA group. The ovarian stimulation protocol for all these couples did not differ significantly from those described previously (Fragouli et al., 2010b) . All procedures were approved by the Institutional Review Boards of the USA IVF Centres, whereas the participating UK IVF Centres had ethical approval and appropriate clinical treatment licences (Human Fertilization and Embryology Authority) in place.
Polar body biopsy and cell preparation for CGH analysis
Oocyte fertilization, first and second PB biopsy and further embryo culture took place as described previously (Fragouli et al., 2010b) . Biopsied PBs were prepared for CGH as outlined in Fragouli et al. (2006) . Hence, the biopsied PBs were washed in sterile phosphate buffered saline solution and then placed in microcentrifuge tubes containing 2 ml of proteinase K (125 mg/ml; Roche) and 1 ml sodium dodecyl sulfate (17 mmol/l; Sigma). Cell lysis took place by incubating tubes in a thermocycler at 378C for 1 h, followed by incubation at 968C for 15 min.
The cytogenetics of polar bodies
Comparative genomic hybridization
The CGH method used for the detailed cytogenetic examination of the biopsied PBs was described and validated in previous publications by our group (Wells et al., 1999 (Wells et al., , 2002 Fragouli et al., 2006) . The reference genomic DNA against which PBs were to be compared was extracted from the blood of a chromosomally normal female (46,XX) individual. After extraction, the 46,XX DNA was diluted to a concentration ranging between 0.5 and 1 ng/ml. Degenerate oligonucleotide primedpolymerase chain reaction was used for whole genome amplification of the biopsied PBs and the 46,XX reference DNA. Fluorescence labelling of the amplified products was achieved with the use of nick translation (Abbott, Abbott Park, IL). The test PB DNA was labelled with a green fluorochrome (Spectrum Green-deoxyuridine triphosphate; Abbott), whereas the reference 46,XX DNA was labelled with a red fluorochrome (Spectrum Red -deoxyuridine triphosphate; Abbott). Test and reference DNAs co-precipitation, their denaturation, along with that of the slides, and the post-hybridization washes all took place as described previously in Fragouli et al. (2006) . The slides onto which test and reference DNAs co-hybridized were covered with a large number of cells in metaphase derived from a normal male (46,XY) individual (Abbott, UK). The hybridization time was 72 h.
Microscopy and image analysis
Metaphase spreads were observed under an Olympus BX 61 fluorescence microscope (Olympus, Center Valley, PA), equipped with a cooled charge-coupled device system, and filters for the fluorochromes used. Ten metaphases were captured on average per hybridization. Analysis and interpretation of the captured images were done with the use of Cytovision CGH software (version 3.9; Applied Imaging) that converted fluorescence intensities into a red/green ratio for each chromosome. Equal sequence copy number between the test and reference DNAs was found as a 1:1 ratio of green/red fluorescence. Test sample underrepresentation was seen as a shift of the ratio profile in favour of the red coloration (,0.80), whereas test sample overrepresentation was seen as a deflection of the ratio profile toward the green coloration (.1.20). Such fluctuations were scored, respectively, as losses or gains in the test sample, compared with the reference sample. Distinction of chromosome and chromatid errors took place as described previously (Fragouli et al., 2006) .
Results
Meiosis I
Of the 308 first PBs biopsied and analysed by CGH, 184 (59.7%) were characterized as being haploid normal, 23,X. Abnormalities were scored for the remaining 124 first PBs. Seventy-four of the 124 first PBs (59.6%) contained a single aneuploid chromosome, 29 of 124 (23.4%) carried two abnormalities and 21 of 124 (17%) were classified as complex abnormal (i.e. three or more chromosome errors). Hence, the total aneuploidy rate scored during MI for these reproductively older and poor prognosis women was 40.3%. Details about the aneuploidy rates seen for MI (total and per indication) are shown in Tables I-III (39) 32 (26) 7 (6) 10 (8) 49 (39) 14 (11) 52 (42) 10 (8) RPL 47 (64) 26 (36) 18 (25) 4 (5) 4 (5) 41 (56) 4 (5) 21 (29) 7 (10) AMA 61 (55) 49 (45) 31 (28) 7 (6) 11 (10) 41 (37) 5 (4) 49 (45) 15 (14) Totals 184 (60) 124 (40) 81 (26) 18 (6) 25 (8) 131 (43) 23 (7) 122 (40) 32 (10) Figures in parentheses represent results as a percentage of total number of oocytes assessed for each patient category (RIF, RPL and AMA).
chromosome non-disjunction and 143 were caused due to unbalanced chromatid predivision. A total of 18 first PBs were characterized as being aneuploid due to solely whole chromosome errors. Anomalies involving single chromatids only were scored in a total of 81 first PBs. The remaining 25 first PBs were classified as abnormal due to a combination of chromosome and chromatid errors. Tables II and  III detail the types of chromosome anomalies seen in the first PBs examined (total and per indication).
CGH detected abnormalities affecting all 23 chromosomes, but in varying frequencies. The size of the chromosome influenced the aneuploidy risk and the indication (RIF, AMA, RPL) also appeared to have an effect (Table IV) . Overall, the chromosomes primarily involved in MI aneuploidy events were 15, 22, 21, 16, 13 and 4 in order of frequency. In addition to the whole chromosome aneuploidy, 8 partial abnormalities arising from chromosome breakage and either loss or duplication of fragments were detected in 6 of the 124 abnormal The cytogenetics of polar bodies first PBs (3 from RIF oocytes and 3 from AMA oocytes). Three of these partial anomalies affected chromosome 2 (gain of material for 2q22 -qter, gain of material for 2p25.3-p11.2 and loss of material for 2q11.1 -q37.3), 3 were scored for chromosome 5 (one loss and one gain of material for 5p15.3-p12 and loss of material for 5q11.1-q35.3), one was observed for chromosome 9 (gain of material for 9q11 -qter) and one for chromosome X (loss of material for Xq21.33 -q28). These results are shown in Tables IV and V . Almost all women participating in the study generated at least one abnormal first PB, but it was evident that as maternal age increased, the number and type of MI abnormalities seen in the PBs increased as well (Table VI) . Complex abnormal oocytes were associated with female age, only identified amongst women of 39 years and over. Almost a third of the oocytes tested from AMA patients displayed complex aneuploidy (oocytes with three or more errors), whereas such extreme anomalies affected only a fifth of oocytes from RIF and RPL groups (RPL versus AMA: P ¼ 0.04; RIF versus AMA: P ¼ 0.05; Fisher's exact test, see Table I ).
Meiosis II
A total of 131 of the 308 (42.5%) examined second PBs were identified as being haploid normal, 23,X after CGH analysis. The remaining 177 second PBs were classified as abnormal. These results, along with the aneuploidy rates for each of the three patient indications, are summarized in Tables I and II . Some of the abnormalities detected in second PBs were actually attributable to errors that had occurred in MI (Table II) . Abnormalities of MII origin only were scored for 122 (40%) second PBs, with an additional 23 (7%) second PBs being classified as aneuploid due to an error of MI origin. A combination of MI and MII abnormalities were detected in the remaining 32 (10%) of the aneuploid second PBs. Overall, this indicates that error(s) of chromosome segregation occurred in 50% of MII divisions (average maternal age of 40.8 years). Reciprocal gains and losses of chromosome material were identified in 55 pairs of first and second PBs, leading to correction of MI chromatid errors during MII in 16 of the oocytes (nine in the RIF oocytes, three in the RPL oocytes and four in the AMA oocytes). Two of the RIF fertilized oocytes were rendered normal after the correction event, whilst the remaining 14 oocytes were still abnormal, due to additional unresolved anomalies. Table II demonstrates the types and origin of errors scored in the second PBs (totals and per indication).
A total of 360 anomalies arose as a result of MII chromosome malsegregation errors. Of these, 143 were gains and 217 were losses. All chromosomes contributed to aneuploidy arising during MII, but as with MI, individual chromosomes participated with differing frequencies. The five chromosomes most frequently involved in malsegregation errors during MII were 16, 21, 15, 22 and 19 in order of frequency. Partial abnormalities arising due to chromosome breakage were detected during the CGH analysis of nine second PBs. In six PBs the partial abnormality occurred during MII, and the effects of MI structural errors were seen for the remaining three PBs. Two of the MII partial abnormalities affected chromosome 1 (loss of material for 1p36.3-p12 and gain of material for 1q21.1-q44,-2), one was scored for chromosome 4 (gain of material for 4q11.1-q35), one affected chromosome 7 (loss of material 7p22 -p11.1), one was seen on chromosome 9 (gain of material for 9q13 -q34.3), three were seen on chromosome 10 (gain and loss of material for 10q11.2-q26.3, loss of material for 10q23.1-q26), one was scored on chromosome 16 (gain of material for 16p13.2-q11.2) and one affected part of chromosome X (gain of material for Xq21.3 -q28). These results are shown in Tables IV and V. As with MI, almost all women from the three groups generated at least one aneuploid second PB. Of the 177 PBs which were characterized as abnormal, 67 (37.8%) carried a single chromosome error (35 biopsied from RIF oocytes, 13 biopsied from RPL oocytes and 19 from AMA oocytes), 49 carried two abnormalities (19 PBs from RIF oocytes, 7 from RPL oocytes and 23 from AMA) and the remaining 61 (34.5%) were classified as complex abnormal (≥3 or more chromosome errors) (22 PBs from RIF oocytes, 12 from RPL oocytes and 27 from AMA oocytes). Similar to MI, complex abnormal second PBs were only generated by the older women (38 years of age onwards) ( second PBs had an MII error for RPL compared with 50% (P ¼ 0.14) and 59% (P ¼ 0.01) for RIF and AMA, respectively). These results are illustrated in Tables I and II .
Frequency and types of chromosome abnormalities seen in 'older' oocytes
During this study, we examined the chromosome constitution of 308 'older' oocytes after both meiotic divisions were completed. CGH analysis of first and second PBs demonstrated that only a small number (92, 30%) of these oocytes had a normal 23,X chromosome complement, whereas abnormalities of MI and MII origin were scored for the remaining 216. Hence, the overall abnormality rate for the three patient groups was calculated to be 70%, and this was seen for an average maternal age of 40.8 years. Looking at individual patient groups the highest abnormality rate was seen for the AMA group (77.2% for an average maternal age of 41.4 years), followed by the RIF group (72.8% for an average maternal age of 40.3 years). Interestingly, even though the average maternal age of the RPL patient group was very similar to the AMA and RIF groups, the abnormality rate after completion of both meiotic divisions was significantly lower, at 54.8% (RPL versus RIF, P , 0.013; RPL versus AMA, P , 0.002). Table I summarizes this data. A total of 589 chromosome anomalies were scored in the first and second PBs analysed. The majority (373) of these abnormalities were losses of chromosome material in the first or second PB, leading to a high risk of trisomy in the corresponding oocytes. Chromosome losses were observed more frequently than chromosome gains for all three patient groups, and took place during both meiotic divisions. However, the difference between loss and gain was more dramatic during MI (156 losses/73 gains) than MII (217 losses/143 gains) (P , 0.0001 using Fisher's exact test).
CGH analysis showed that chromosomes of all sizes participated in aneuploidy events, but the smaller the chromosome, the more frequently it was abnormal. The five chromosomes which were most commonly affected by mal-segregation errors for all three indications were 16, 21, 15, 22 and 19 in order of frequency. There were, however, differences in chromosome aneuploidy participation according to patient indication. Specifically, the larger chromosomes 4, 11, 12 and X, and also chromosome 20, were found to cause a significant number of anomalies in the first and second PBs of the RPL and AMA groups. These results are illustrated in Tables IV and VII. An unexpected observation was that a higher number of abnormalities originated during MII (360) rather than during MI (229). This is also reflected in the aneuploidy rates calculated for both meiotic divisions, which differ significantly. Hence, the MI aneuploidy rate was 40.3% compared with 50% for MII (P , 0.02, Fisher's exact test). This finding suggests that in the clinical context of preimplantation genetic screening (PGS), the biopsy and analysis of both PBs would provide substantial improvements in accuracy, compared with the examination of the first PB only. In our group of investigated oocytes, we would have failed to detect 97 (45%) of the 216 aneuploid oocytes, if we had examined the first PB only. On the contrary, if we had analysed solely the second PB we would have wrongly characterized only 42 (19.4%) of the 216 aneuploid oocytes as normal haploid. It was also evident from our results that the problem is more significant if examining the first PBs of older patients (41 years or more). Figures 1-3 show interpretation images obtained after the CGH analysis of three pairs of first and second PBs, biopsied from three AMA-generated oocytes.
The way in which the samples are divided into different groups and the results obtained are summarized in Supplementary data, Figures 1 and 2.
Discussion
The investigation of female meiosis has mostly been performed by directly analysing unfertilized or in vitro matured oocytes and/or their associated first PBs, and provided a great wealth of information about the incidence and mechanisms of aneuploidy during MI. Classical cytogenetic methods such as G-or R-banding have also been used for this purpose (Pellestor et al., 2003) , although FISH has been more widely employed, as it is capable of providing results even for poorer chromosome preparations (Cupisti et al., 2003; Kuliev et al., 2003) . However, FISH only allows the examination of a limited number of chromosomes and both classical cytogenetic methodology and FISH require the oocyte and/or PB to be fixed on a microscope slide, a procedure which could lead to artefactual chromosome loss.
While technical challenges have placed limitations on the study of the first meiotic division, the direct study of MII is even more problematic, as the oocyte does not complete this division until after fertilization. Direct analysis of the oocyte would mean the destruction of a potentially viable embryo and consequently such analyses have seldom been undertaken. Hence, virtually all data concerning the second meiotic division has come from the study of the extruded second PB. Such testing has been undertaken in a clinical context (i.e. PGS), The cytogenetics of polar bodies initially via FISH and more recently employing CGH (Kuliev et al., 2003; Fragouli et al., 2010b) . The approach used in the current study allowed us to examine in detail all 23 chromosomes and both meiotic divisions of a large number of fertilization-competent oocytes via biopsy and CGH analysis of their first and second PBs. These oocytes were generated by 70 women undergoing ART procedures in combination with PGS, due to previously experiencing RIF or RPL or because the female partner was of advanced reproductive age. We have previously demonstrated that a gain or loss (whole or partial) of a chromosome or chromatid in a PB is accompanied by a reciprocal loss or gain in the corresponding oocyte (Wells et al., 2002; Fragouli et al., 2006 Fragouli et al., , 2009 Fragouli et al., , 2010 . A rare exception to this general rule is the phenomenon of gonadal or germinal mosaicism. PB examination can therefore generally be used to infer whether an oocyte is normal or aneuploid. It is supposed that any chromosome imbalance detected in the oocyte will be present in every cell of the resultant embryo.
The comprehensive chromosome analysis of first and second PBs revealed that 70% of the corresponding oocytes carried one or more chromosome errors. As far as the three different indication groups (RIF, RPL, AMA) are concerned, the highest aneuploidy rate (77.2%) was scored for the AMA group, which had an average maternal age slightly higher than the other two groups (41.4 years). The RIF group had a similar aneuploidy rate (72.8%), while the RPL group displayed the lowest proportion of abnormal oocytes (54.8%). Kuliev et al. (2003) have reported similar aneuploidy rates (52.1% for an average age of 38.5 years) in their FISH examination of first and second PBs biopsied from 7000 oocytes from women of advanced age. Combination of their results and ours clearly demonstrate the adverse effect maternal age has on female meiosis. It should also be noted that even though women from all three indication groups generated oocytes carrying one or two chromosome errors, the presence of complex abnormalities (three or more) was seen only in PBs and oocytes generated by women aged 38 years or more.
It is generally accepted that .90% of maternally derived aneuploidies detected in pregnancies and miscarriages are of MI origin (Nicolaidis and Petersen, 1998). It was therefore surprising that our results showed a greater number of chromosome mal-segregation errors taking place during MII, compared with MI. Specifically, an aneuploidy rate of 40.3% was observed for MI, whereas the aneuploidy rate scored after completion of MII was higher at 50%, a statistically significant difference (P , 0.02). This trend was also evident in the RIF and AMA groups, whose MI aneuploidy rates were 39 and 45%, respectively, versus 50 and 59% for MII. Conversely, for the RPL group of women, the MI and MII aneuploidy rates were more alike, 35.6 and 38.3%, respectively. This finding of high levels of MII error emphasizes that, in countries where legislation permits, testing of the second PB is advisable as well as the first.
Again, these results are similar to the findings of Kuliev and Verlinsky (Kuliev et al., 2003; Kuliev and Verlinsky, 2004) . They also observed that in the oocytes of reproductively older women there is an excess of chromosome errors originating from MII, compared with MI (41.8 versus 37.3% respectively) (Kuliev et al., 2003; Kuliev and Verlinsky, 2004) . There is, therefore, a contradiction between results obtained following direct analysis of oocytes/polar bodies Figure 1 Interpretation images obtained after the CGH analysis of the first and second PB biopsied from an AMA-generated oocyte. The maternal age was 39 years. (a) Shifts of the ratio profile in favour of the red coloration (,0.80) were seen for chromosomes 12 and 22, indicating that both these chromosomes were missing from the first PB. Additionally, a shift of the ratio profile in favour of the green coloration (.1.20) was scored for chromosome 21, indicating a gain of this chromosome in the first PB. (b) Shift of the ratio profile of chromosome 12 in favour of the green coloration (.1.20) demonstrates the reciprocal gain of this chromosome in the second PB. An MII gain of chromosome 11 was also scored (shift of ratio profile in favour of green coloration). No reciprocal loss of 21 or gain of 22 was scored in the second PB, suggesting that these two abnormalities were a consequence of chromatid mal-segregation errors, taking place in MI. The karyotype of the first PB was 22,X,212,+21cht,222cht, that of the second PB was 25,X,+11,+12 and the chromosome complement of the corresponding oocyte was 23,X,211,+12,221,+22. Note, CGH results for centromeric regions (shaded grey) and telomeric regions are not considered reliable. and studies of material from miscarriages in terms of the relative importance of MI and MII errors. This inconsistency could be due to differences in average maternal ages of the investigated patient groups. Studies indicating MI to be the principal source of aneuploidy have involved analysis of pregnancies from women 5-10 years younger than the oocyte/PB studies that have indicated MII to be equally or more important. The incidence of MII errors seems to increase more rapidly with advancing age than MI errors.
In the current study, premature separation of chromatids was found to be the dominant mechanism causing aneuploidy in MI, greatly outnumbering abnormalities caused by whole chromosome nondisjunction. Both chromosome and chromatid errors became more frequent as maternal age increased. However, abnormalities involving mal-segregation of single chromatids displayed the greatest age-related increase in error rate and this was the case for all three different indication groups. The dominance of unbalanced chromatid predivision over other aneuploidy-producing mechanisms is in agreement with previous investigations of the human female gamete, using a variety of cytogenetic methods, such as R-banding, FISH, SKY and CGH (Sandalinas et al., 2002; Kuliev et al., 2003; Pellestor et al., 2003; Kuliev and Verlinsky, 2004; Fragouli et al., 2010b; Gianaroli et al., 2010) .
CGH analysis of first and second PBs revealed reciprocal gains and losses of chromosome material taking place for 55/308 PB pairs. These reciprocal events occasionally led to correction of an MI chromatid error during MII. However, most (7 of 9) oocytes with a correction event remained abnormal due to the presence of additional aneuploidies. Correction events have been observed previously during FISH and CGH investigations (Kuliev and Verlinsky, 2004; Fragouli et al., 2006; Fragouli et al., 2010b; Gianaroli et al., 2010) . It is unclear, however, whether the 'corrected' oocyte is able to further develop and produce a viable embryo. The reported failure of corrected oocytes, detected in FISH studies, to produce babies, may reflect an inherent defect of such oocytes, precluding formation of a viable pregnancy, or the failure of FISH methods to detect additional, uncorrected aneuploidies.
We scored a total of 589 MI and MII chromosome abnormalities by examining the 308 PB pairs. The majority (373/589, 63.3%) of these abnormalities were in the form of chromosome losses. An excess of chromosome losses occurred during both meiotic divisions, but their dominance was most pronounced in MI (2:1 ratio of losses to gains) rather than MII (1.5:1 ratio of losses to gains). This finding is also concordant with the data obtained via 5-chromosome FISH analysis of first and second PBs derived from the oocytes of AMA patients (Kuliev et al., 2003; Kuliev and Verlinsky, 2004) .
CGH identified abnormalities affecting all chromosomes, but in agreement with other oocyte cytogenetic investigations (e.g. Sandalinas et al., 2002; Cupisti et al., 2003; Pellestor et al., 2003; Fragouli et al., 2006 ) the chromosomes of smaller size (13 onwards) were generally found to be at higher risk of aneuploidy. The five chromosomes with the highest aneuploidy rates after both meiotic divisions were 16, 21, 15, 22 and 19 in order of frequency. We did however observe for the RPL and AMA patient groups the larger chromosomes 4, 11, 12 and X had a similar chance of being affected by aneuploidy as the smaller ones. Further evidence that mal-segregation errors can affect large as well as smaller chromosomes in 'older' oocytes has been presented in a recent investigation carried out by Magli et al. (2010) using FISH.
The examination of aneuploid pregnancies and spontaneous abortion material has suggested that non-disjunction patterns can be chromosome specific (reviewed in Hassold et al., 2007) . It has been observed that the majority of trisomy 16 conceptions have their origin in maternal MI, whereas trisomy 18 is associated with chromosome anomalies taking place during MII (reviewed in Hassold et al., 2007) . Our results are in partial agreement with these observations. Specifically, as far as chromosome 16 is concerned, and for all three different patient groups, we saw that losses of chromosome material from the PBs (reciprocal gains predicted in the oocyte leading to embryonic trisomy) were much more common during MII rather than MI. On the other hand, slightly more MII losses were scored for chromosome 18, compared with MI (11 and 7, respectively). Similar results, especially for the origin of errors for chromosome 16 were obtained during the FISH analysis of PBs biopsied from oocytes of older women (Kuliev et al., 2003; Kuliev and Verlinsky, 2004) . The reason for the discrepant chromosome 16 results is not known, but differential survival of embryos with trisomy 16 of maternal MI or MII origin is one possibility.
It should also be noted that during a previous CGH investigation of first PBs and their corresponding oocytes carried out by our group, we found that aneuploidies affecting the 'larger' chromosomes (1 -12) arose solely by a classical non-disjunction mechanism, while smaller chromosomes (13 -22 and X) were almost equally affected by whole chromosome non-disjunction and unbalanced chromatid predivision (Fragouli et al., 2006) . On the contrary, during the current study unbalanced chromatid predivision events were scored more frequently than classical non-disjunction for larger as well as smaller chromosomes. This difference between the two data sets is possibly attributed to the average age and also patient indications of the two groups of women donating oocytes and/or PBs. Specifically, the women who participated in the current study were an average of 8 years older compared with those from our previous investigation (40.8 versus 32.5 years, respectively), and all had experienced difficulties in conceiving. It has been speculated that advancing age results in a decline in the expression of genes and the production of proteins involved in recombination and sister chromatid cohesion. Recent transcriptomic analyses of younger versus older and normal versus Figure 3 Interpretation images obtained after the CGH analysis of the first and second PB biopsied from an AMA-generated oocyte. The maternal age was 40 years. (a) A shift of the ratio profile in favour of the red coloration (,0.80) was seen for chromosome 8, indicating its loss from the first PB. (b) No reciprocal gain of 8 was scored in the second PB, suggesting that this abnormality was due to a chromatid mal-segregation error, taking place in MI. An MII loss of chromosome 16 was also scored (shift of ratio profile in favour of red coloration). The karyotype of the first PB was 23,X,28cht, that of the second PB was 22,X,216 and the chromosome complement of the corresponding oocyte was 25,X,+8,+16.
The cytogenetics of polar bodies aneuploid oocytes has provided further evidence of an age-related deterioration of female meiotic regulation at the molecular level (Fragouli et al., 2010a; Grøndahl et al., 2010) .
As well as whole chromosome abnormalities, CGH identified 18 partial aneuploidies. Eight of these partial anomalies arose due to de novo chromosome breakage taking place during MI, with the remaining 10 errors having an MII origin. This phenomenon was seen in 3.6% of the investigated oocytes, and generally affected the larger chromosomes. Chromosome breakage was most often observed in the oocytes of women aged 38 years or more, although it is not clear at this time whether or not such problems are truly age related. Oocytes carrying partial aneuploidies were seen for all three patient indications. De novo chromosome breakage has previously been described in PB -oocyte complexes, cleavage and blastocyst stage embryos (Wells and Delhanty, 2000; Voullaire et al., 2002 Voullaire et al., , 2007 Fragouli et al., 2006; Vanneste et al., 2009a, b; Fragouli et al., 2010b) .
Even though the average maternal age was similar among all three investigated patient groups, comparison of aneuploidy rates and number of chromosome anomalies in the first and second PBs biopsied from their oocytes suggested that the RPL group of women did not generate as many abnormal oocytes as the other two groups. These findings suggest that female meiotic chromosome abnormalities are one of the principal reasons for the reproductive difficulties experienced by the RIF and AMA patient groups, but may be less important for the RPL group. Despite this, previous studies have suggested that PGS either via FISH analysis of blastomeres biopsied from cleavage-stage embryos, or via CGH analysis of trophectoderm samples biopsied from blastocysts, could possibly improve clinical outcomes for RPL patients undergoing ART (Garrisi et al., 2009; Schoolcraft et al., 2010) . One explanation why PGS might be of benefit despite RPL patients having lower oocyte aneuploidy rates compared with AMA and RIF, could be that the detection of chromosome errors occurring post-fertilization, or of paternal origin (not detectable in the current study), are of equal or greater importance in the case of embryos generated by RPL couples. Another possibility is that the RPL group is particularly heterogeneous in terms of aetiology, with some patients producing excessive numbers of aneuploid oocytes/embryos, and potentially benefitting from PGS, while for others chromosome abnormalities are not part of the underlying problem. Alternatively, the explanation might simply be that, although lower than for RIF and AMA, the aneuploidy rate for RPL patients is still high enough to make screening and selection advantageous.
To summarize, our study is among the first to report direct observational data of the two meiotic divisions taking place in the human female gamete. CGH examination identified high levels of aneuploidy in the investigated oocytes, and demonstrated that even though all chromosomes can display imbalance, the smaller chromosomes tend to be preferentially involved in segregation errors during both meiotic divisions. It was also very clear that advancing maternal age had a significant adverse effect on female meiosis, especially MII. Indeed, our data suggest that MII may be more susceptible to age-related errors than MI. Given the acknowledged role of aneuploidy in miscarriage and syndromes such as Down's, and its likely role in IVF failure, it is possible that comprehensive cytogenetic methodologies will benefit many infertile patients.
